The anomalous decrease of the viscosity of water with applied pressure has been known for over a century. It occurs concurrently with major structural changes: The second coordination shell around a molecule collapses onto the first shell. Viscosity is thus a macroscopic witness of the progressive breaking of the tetrahedral hydrogen bond network that makes water so peculiar. At low temperature, water at ambient pressure becomes more tetrahedral and the effect of pressure becomes stronger. However, surprisingly, no data are available for the viscosity of supercooled water under pressure, in which dramatic anomalies are expected based on interpolation between ambient pressure data for supercooled water and high pressure data for stable water. Here we report measurements with a time-of-flight viscometer down to 244 K and up to 300 MPa, revealing a reduction of viscosity by pressure by as much as 42%. Our results support the idea that water is a mixture of a high density, "fragile" liquid, and a low density, "strong" liquid, the varying proportion of which explains the anomalies and fragile-to-strong crossover in water.
V
iscosity increases with applied pressure for all liquids, except for water below 306 K as first noticed in 1881 (1) (2) (3) (4) . Similar anomalies exist in the stable liquid for other dynamic properties, and have been found to become more pronounced when the liquid is supercooled (i.e., in the region beyond the melting curve) for self-diffusion (5, 6) and rotation (7, 8) . However, for viscosity, whereas extensive data are available for stable water (9) and for supercooled water at ambient pressure (10, 11) , there is none in supercooled water under pressure, except for one single data point only slightly supercooled (12) 
[Surprisingly, the only other data for the viscosity of supercooled water under pressure we could find are for heavy water (13) . They do not reach more than 3 K below the melting line.] The increase of the viscosity anomaly can only be inferred from interpolation between ambient pressure data for supercooled water (10, 11) and high pressure data for stable water (12, 14, 15) . Properties of supercooled water are a key to explain water anomalies, and to choose between several proposed theories (16, 17) . Huge efforts have thus been made to improve our knowledge of supercooled water; see, for instance, the recent achievements about structural (18) , thermodynamic (19) , and dynamic (11, 20) properties. Probing with viscosity the effect of pressure on the hydrogen bond network can shed light on the debate about the origin of water anomalies.
Another puzzle associated with the dynamic properties of water is its fragile-to-strong crossover (21) . On the one hand, several aspects of supercooled water resemble the case of fragile glass formers: Dynamic properties down to 240 K exhibit a temperature variation stronger than a simple Arrhenius law, and better described at low pressure by a power-law (5, 7, 11, 20, 22) with an apparent divergence at Ts 220 K. On the other hand, other properties are similar to that of strong glass formers, such as the large change in sound velocity upon crystallization, or the large relative width of the calorimetric glass transition of water (21) . Recent dielectric relaxation data (23) just above the glass transition identify water as the strongest of all liquids (based on the low fragility index m = 14). These observations have suggested the existence of a fragile-to-strong crossover in supercooled water (21) . Observation of this crossover has been reported for confined water, but this is still a debated topic (24) . Simulation studies of bulk water with several potentials (25) (26) (27) (28) (29) (30) (31) find that structural relaxation for mild supercooling is well described by mode coupling theory (MCT), which predicts a fragile regime with a power-law dependence for the dynamic properties. Complete dynamic arrest is avoided by the emergence of hopping processes, which yield a crossover to strong, Arrhenius behavior at lower temperatures. Interestingly, the crossover temperature coincides with a specific thermodynamic line in the phase diagram. Indeed, simulations of water have found a firstorder transition between two metastable liquid phases at low temperature, terminating at a critical point (16, 17, 32) . Emanating from this point, in the one-phase supercritical region, the locus of maxima in correlation length associated with the transition defines the Widom line. Simulations find that the dynamic crossover precisely occurs along this Widom line (29) (30) (31) , pointing toward a link between thermodynamics and dynamics.
However, this link is qualitative, and some features of MCT are not borne out by experiments. Power-law fits to different experimental dynamic properties yield different values for the temperature Ts of dynamic arrest, and the product of viscosity by self-diffusion coefficient does not tend toward a constant at low temperature (11) .
The purpose of our work is to mend the gap in experimental viscosity data, and to investigate quantitatively the relationship between thermodynamics and dynamics. We have built a timeof-flight viscometer (34) for supercooled water (see Materials and Methods and Experimental Setup for details). We were able to reach 244.3 K and 298 MPa. Our measurements are displayed on Fig. 1 . To emphasize the anomalous pressure dependence, for each isotherm, the viscosity data are divided by the viscosity at the same temperature and ambient pressure. Consistent with previous measurements on stable water (3, 4) , viscosity always starts by decreasing with applied pressure, until it reaches a minimum and recovers the normal liquid behavior. The minimum is shallow at ambient temperature, but it increases dramatically Pressure dependence of viscosity along several isotherms. The dataset for each isotherm is shown with a distinct color and labeled with the temperature in kelvin. To allow a direct comparison between isotherms, the viscosity is normalized by the value at ambient pressure at the same temperature (11) . For clarity, isotherms between 273 K and 298 K are omitted, and error bars are shown every other isotherm only (see Table S1 for the full dataset). The gray dotted curve denotes the melting lines of ice Ih and ice III (33) . The anomalous decrease in viscosity with applied pressure increases dramatically upon cooling, reaching more than 42% at 244.3 K.
upon cooling. Our data provide a direct observation of this minimum in supercooled water down to 245.3 K, where the viscosity decrease reaches 42%. How can we understand water dynamic anomalies? Thermodynamic anomalies have been successfully described by two-state models (35) (36) (37) . In particular, Holten et al. (37) proposed to treat water as an athermal nonideal 'solution' of two rapidly interconvertible states or structures (HSA model): a low-density state (LDS) and a high-density state (HDS), with respective fractions f and 1 − f . The HSA model postulates that, at sufficiently low temperature, the system phase separates into two distinct liquids with different values of f . The first-order transition line between these liquids terminates at a liquid-liquid critical point (LLCP) situated in deeply supercooled water, at Tc = 228.2 K and Pc = 0 MPa in the HSA model. In this picture, the LLCP escapes experimental observation, because it lies beyond the line of homogeneous nucleation of ice. We have chosen this model among other versions (35, 36, 38) because it provides a fit within experimental error of a comprehensive dataset for the density, isothermal compressibility, thermal expansion coefficient, isobaric heat capacity, and speed of sound, in the range 200 K to 310 K and 0.1 MPa to 400 MPa. This now serves as the basis for the official guideline on thermodynamic properties of supercooled water (39) . To discuss dynamic properties, in addition to our viscosity data, we have collected the best available data from 0.1 MPa to 400 MPa, and from 300 K to the lowest available temperatures (limited by homogeneous nucleation of ice) for the self-diffusion coefficient (5, 6) and the rotational correlation time (7, 8 ) (see Materials and Methods for details). Each of these quantities varies rapidly with temperature, and exhibits a fragile behavior: The temperature variation is faster than an Arrhenius law, which would involve a factor exp[±Ea/(kBT )] with a constant activation energy Ea. One can still define, over reduced temperature intervals, an apparent activation energy Eapp, which increases with decreasing temperature (see Materials and Methods for details). We have calculated Eapp for each dynamic quantity and at each temperature-pressure (T -P ) state point of the experimental data. Eapp/kB varies in a wide range; for instance, it increases from around 2,000 K to over 6,000 K for self-diffusion at 400 MPa. Fig. 2 shows, for each dynamic quantity, Eapp/kB vs. the LDS fraction f (T , P ) calculated at the same state point. The fact that all data along isobars fall on nearly straight lines clearly demonstrates the correlation with the LDS fraction. There is also a residual temperature dependence, as can be seen more easily for the highest isobars (leftmost sets of data in Fig. 2 ). At high pressure, although the LDS fraction becomes small and essentially temperatureindependent, Eapp/kB still shows an increase upon cooling, corresponding to super-Arrhenius behavior. This finding suggests that HDS behaves like a fragile liquid.
To proceed further, we follow an idea originally proposed by Tanaka (36, 40) . He also regarded water as a mixture of two states. The details of his thermodynamic model differ from the HSA model, but he also attempted to describe viscosity. Due to rapid interconversion between the two states, water viscosity would be governed by an average activation energy, with a weight given by the fraction of each state. To obtain a relatively satisfactory fit of experimental viscosity data down to 249 K at ambient pressure for supercooled water (but with some deviations above 200 MPa for stable water), Tanaka had to introduce an ad hoc linear temperature dependence in the activation energies of each state (see Materials and Methods for details). We revisit this picture with fundamental differences. The starting point is now the HSA model initially developed for thermodynamic data only. The excellent correlation demonstrated in Fig. 2 prompts us to use the LDS fraction f of the HSA model to describe all three dynamic properties (viscosity, self-diffusion coefficient, and rotational relaxation 
the LDS fraction f(T, P).
The dataset for each isobar is shown with a distinct color and labeled with the pressure in megapascals. A clear correlation is observed, with the data for each isobar falling on a nearly straight line for all three dynamic properties investigated. time). We follow Tanaka's idea to write the apparent activation energy Eapp as the average of the two activation energies for the LDS and HDS with weights f and 1 − f , respectively. Using functional forms similar to refs. 36 and 40 did not yield a quantitative fit, especially for D. Therefore, we investigated other possibilities, guided by Fig. 2 , which suggests that HDS is fragile. We found the following form to give excellent results:
, ν accounts for the temperature variation of the average speed of the molecules (5) (ν = 1/2 for A = η or D, −1/2 for A = τr), and = 1 for A = η or τr and −1 for A = D. [The value of ν for τr is chosen for consistency with the Stokes-EinsteinDebye relation T τr/η = cst1, which holds at high temperature, similar to the Stokes-Einstein relation Dη/T = cst2 (11) .] There are also five free parameters, as for Tanaka's viscosity model. Their physical meaning is as follows. A0 is a global scale factor. LDS behaves like an Arrhenian liquid with activation energy ELDS, whereas HDS behaves like a fragile liquid described by a Vogel-Tamann-Fulcher (VTF) law with parameters EHDS + ∆vHDSP and T0. The energy appearing in the VTF law has a pressure dependence ∆vHDSP coming from the difference in volume between the activated and initial states of the activated process (36) . A first attempt to fit the data treating all five parameters as free for each property gave excellent results, with close values for T0 (see Best-Fit Parameters for Separate Properties and Table S2 ). This result suggested fitting with a common value for T0. This constraint barely alters the quality of the fit, and yields T0 = 147.75 K, with a reduced χ 2 = 1.37 for the combination of the three properties. The remaining four free parameters are given in Table 1 . The reduced χ 2 values close to 1 illustrate the quality of the fits. Fig. 3 displays the data and the fitting functions along isotherms, and the reduced residuals: Apart from a few outliers, the model is everywhere compatible with over 400 experimental data points within their uncertainty.
Our results also provide an explanation for the fragile-to-strong crossover of water. Because f increases upon cooling, water dynamics switches from a fragile HDS-dominated regime at high temperature to a strong LDS-dominated regime at low temperature. The crossover occurs along the Widom line, where f reaches 1/2 and varies the most rapidly (37) ; this confirms the simulation results (29) (30) (31) and gives a quantitative explanation of the link between thermodynamics and dynamics. The VTF law that describes the fragile HDS has been justified based on the AdamGibbs theory (41) and T0 identified with the Kauzmann temperature at which the configurational entropy would vanish; hence T0 should lie below the glass transition temperature Tg for a theoretical system made of pure HDS. The best proxy for this system is water at high pressure, for which f is very low. The corresponding glassy state is high-density amorphous ice, for which Tg 160 K at 400 MPa (42), which is indeed above T0 = 147.75 K. However, we note that the existence of ultraviscous liquid water has been reported below 145 K at lower pressure (43) , which is in contradiction to the diverging (η, τr) or vanishing (D) behavior at T0 predicted by Eq. 1. This contradiction may point toward a limitation of our model, or indicate a fragile-to-strong transition of HDS before it reaches T0. Indeed, recent experiments have found HDL to be a strong liquid (less strong than LDL) near Tg 120 K (23). A transition from a non-Arrhenius behavior at high temperature to an Arrhenius behavior near Tg can be rationalized within MCT. The relaxation times would show a diverging behavior upon cooling when approaching the MCT temperature, but the divergence would be avoided because of hopping effects becoming dominant at low temperature. However, the lowest temperature at which data are available being 203.5 K, any discussion about what is happening near the glass transition temperature Tg remains speculative. Rather, we regard the fact that the value of T0 is in the range of reported Tg values (from 110 K to 160 K below 400 MPa) (43) as satisfactory. We also note that, in the HSA model, Tc and Pc are "obtained from the extrapolation of the properties far away from the transition, thus making [them] very uncertain" (37) . Future work on a simultaneous fit of thermodynamic and dynamic data could investigate if another LLCP location may improve the model, for instance resulting in a lower value for T0. The values of the other parameters (ELDS, EHDS, and ∆vHDS) are close to each other for the three properties investigated, which supports our interpretation. HDS has a higher density and is more disordered than LDS. It is therefore reasonable to include a pressure dependence in the properties of HDS through the ∆vHDS term, as the activated state for the transport properties is likely to involve a local dilatation by a fraction of a water molecule size (around 14 × 10 −30 m 3 ), which is indeed the magnitude found for ∆vHDS. On the other hand, LDS corresponds to a highly hydrogen-bonded, open structure, in which transport involves negligible dilatation (∆vLDS = 0). The energy scale for transport in LDS should be that of breaking a hydrogen bond, around 2,500 K (16), which is indeed the range found for ELDS. Can more be inferred from the coincidence between dynamic and structural (44) changes around 200 MPa? Fanetti et al. (45) measured the line shape of the OD stretching mode of HOD in liquid water along different isotherms down to 240 K as a function of pressure. They found a slope change in the linewidth versus density at a pressure that increases upon cooling. They noticed that the locus of these slope changes pointed toward one of the proposed locations for an LLCP, although they emphasized that the interpretation of their data does not require an LLCP. Our data do not prove the existence of an LLCP neither. However, our extension of the two-state HSA model illustrates that, if water properties are to be explained by an LLCP, a line of anomalies does not necessarily point toward its position. Using Extrema in density and dynamic properties. Location in the pressure-temperature plane of the extrema along isotherms for viscosity η (full red curve), self-diffusion coefficient D (short-dashed blue curve), rotational correlation time τr (long-dashed green curve), and density ρ (dashdotted black curve). The gray dotted curve shows the melting lines of ice Ih and ice III (33) .
the best fit with our two-state model of viscosity, self-diffusion coefficient, and rotational correlation time, we have calculated the loci in the pressure-temperature plane for the extrema along isotherms of each quantity. They are displayed on Fig. 4 . The locus of viscosity minima closely follows that of the self-diffusion coefficient maxima. The locus of rotational relaxation time minima lies above, but runs parallel to, the two other loci. The experimental line of density maxima along isotherms, calculated with the initial thermodynamic version of the HSA model (37) , is also shown on Fig. 4 . The experimental lines of extrema in density and dynamic properties exhibit a nested structure revealing a cascade of anomalies, as found in molecular dynamics simulations (29, 46, 47) . They all lie far above the LLCP in the HSA model, located at 228.2 K and 0 MPa (37). Only specific lines, such as the extrema in isothermal compressibility along isobars, and isobaric heat capacity along isotherms, can be used as proxies for a Widom line and converge toward the LLCP (38, (48) (49) (50) .
Materials and Methods
Viscosity Measurement. Hallett (10) was able to flow supercooled water through a capillary at atmospheric pressure and deduce the viscosity from the measured flow rate. We have adapted the method to high pressures (see Experimental Setup for details on the setup and its operation). We use fused silica capillaries (i.d. 2r = 8.8±0.2 µm and outer diameter 363.35±0.25 µm, Polymicro TSP010375) connected to a high-pressure system filled with ultrapure water (resistivity 18.2 MΩ · cm at 298 K). The capillary is immersed in a thermal bath controlling the temperature with a stability of 0.01 K and an uncertainty of 0.04 K. The pressure at each end of the capillary of total length L (from 1,250 to 1,550±5 mm) is measured with strain gauge pressure transducers (model P3TCP/3000BAR; HBM), and a pressure difference ∆P around 5 MPa is applied thanks to a hand pump. The nominal pressure P of each measurement is taken as the average between the pressure at each end of the capillary. We obtained viscosity with a technique originally developed for chromatographic fluids (34) . Two sensors separated by a known length L f are attached near each end of the capillary. Each sensor is made of two neighboring electrodes, which allows measuring, with a lock-in amplifier (SR830 DSP; Stanford Research), the impedance of the electric circuit made by the electrodes, the capillary walls, and the flowing liquid. A very dilute sodium hydroxide solution (0.02 mol %) is added to the flowing liquid, to create a conductivity front whose passage is detected by the sensors, giving the time of flight t f . The effect of sodium hydroxide on viscosity is negligible at this concentration, and we have checked that a solute concentration twice higher gave the same results (see Effect of the Solute Used for Detection). Data were taken during cooling along isobars, until ice nucleated in the capillary. A new capillary was used for each new cooling run. According to the Poiseuille law,
End effects in our setup were accounted for (see
Conversion of Measured Data into Viscosity).
To reduce the effect of dimensions uncertainty and variability between capillaries, the known viscosity data in stable water were used as a reference to get the coefficient of the linear dependence between η and t f ∆P for each capillary (see
Conversion of Measured Data into Viscosity and Effects of the Pressure Variation).
For this purpose, instead of using individual papers reporting viscosity data in stable water, we have used the international formulation for the viscosity of water (9) . The linear thermal expansion coefficient of fused silica being extremely small (less than 6 × 10 −7 K −1 ), no temperature correction is needed for the capillary dimensions. The main source of uncertainty comes from the pressure gauges (absolute uncertainty on each pressure around 0.05 MPa, 1 SD, which corresponds to 1% of ∆P = 50 MPa); it was combined with other sources of uncertainty and propagated to the viscosity results, yielding an average relative uncertainty of 2.2% (1 SD), with variations from 1.1 to 5.2% (see Supporting Information for details). For reference, Table S1 gives the experimental conditions and values for viscosity and its uncertainty.
Literature Data. Our viscosity data, reaching 252.8 K at 20 MPa and 244.3 K at 298 MPa, were complemented by previous data at ambient pressure from our group (11), based on Brownian motion of spheres. Self-diffusion coefficient data were taken from two NMR studies: one (5), covering the low-temperature range, used the pulsed-gradient spin-echo method, and the other (6), at higher temperature, used the steady-gradient spin-echo method. Note that there are systematic differences in the region of overlap, but, as this is within experimental uncertainty, all data were kept for fitting. Moreover, as the data from ref. This time is converted into τr = 1/(T 1 ω 2 Q ) using the nuclear quadrupole frequency ω Q = 9.12 × 10 6 s −1 (51) . Note that the lowest pressure reached by these data is 5 MPa. We attempted including the recent values for stable and supercooled water at ambient pressure from ref. 51 , but there are systematic deviations from the high pressure dataset: Even when comparing directly the T 1 values, the ambient pressure data fall away from the extrapolation of the high pressure data, beyond the small error bars of ref. 51 , suggesting an unphysical nonmonotonic behavior at low pressure. Therefore, data at ambient pressure were not included. Further work is needed to clarify this (small) discrepancy. 
Eapp from experimental data, a good empirical parameterization of the temperature behavior of A at constant pressure suffices. For simplicity, the VTF law
} with three free parameters [a(P), B(P) and T 0 (P)] was fit on sets of experimental data taken at close values of the pressure P, yielding good quality fits (reduced χ 2 1). We note that a power-law gives a better fit at ambient pressure for viscosity (11) , and the use of VTF slightly underestimates Eapp at low temperature in that case. However, this is not important for our discussion of the correlation with the LDS fraction. For simplicity, the VTF law was thus used for all data, and, for each state point (T, P), the apparent activation energy was thus calculated as Eapp(T, P) = k B B(P)/[1 − T 0 (P)/T] 2 .
Differences with Tanaka's Model. In his model (36, 40) , Tanaka also assumed that water is a mixture of two states A and B with fraction S and (1 − S), respectively. A pseudo-Arrhenian viscosity was assumed for state B: The activation energy reads E 0 + (∆v − αT)P. The difference between activation energies for the viscosity of the two states was simply taken to be a constant ∆E. Finally, the viscosity was calculated from η(T, P) ∝ T 3/2 exp {1/k B T[E B (T, P) + ∆E S(T, P)]}. Our choice for the dynamics of the two components is different (fragile HDS following VTF law, strong LDS), and we use a T 1/2 prefactor instead of T 3/2 . T 1/2 gives the average speed of molecules, the dominant term in the zero-density limit (9). Tanaka's model was also designed to describe thermodynamic data of stable and supercooled water. Although it achieved a satisfactory fit of density and isothermal compressibility, it was able to describe heat capacity at constant pressure only for bulk water above 260 K, and failed to reproduce the strong increase observed in emulsified water at lower temperatures. Therefore,
we have chosen to use the more accurate thermodynamic model of ref. 37 , which fits a more extensive set of thermodynamic data within their experimental uncertainty, including heat capacity data on emulsions. Due to the different formulations of these two models, there is a significant difference in the fraction S (or f) of state A: At 273 K and 0.1 MPa, S 0.06 (36) and f 0.097 (37) . Because of the small value of S, second-order terms were neglected in ref. 36 . In contrast to Tanaka's model, the excess entropy of mixing term ∝ f(1 − f) of ref. 37 cannot be neglected; for instance, at P = Pc and 0.007 < f < 0.993, its magnitude is more than one third of the ideal entropy of mixing.
